Previous studies have shown that exogenously generated nitric oxide (NO) inhibits smooth muscle cell proliferation. In the present study, we stimulated rabbit vascular smooth muscle cells (RVSMC) with E. coli lipopolysaccharide (LPS), a known inducer of NO synthase transcription, and established a connection between endogenous NO, phosphorylation/dephosphorylation-mediated signaling pathways, and DNA synthesis. Non-confluent RVSMC were cultured with 0, 5, 10, or 100 ng/ml of the endotoxin. NO release was increased by 86.6% (maximum effect) in low-density cell cultures stimulated with 10 ng/ ml LPS as compared to non-stimulated controls. Conversely, LPS (5 to 100 ng/ml) did not lead to enhanced NO production in multilayered (high density) RVSMC. DNA synthesis measured by thymidine incorporation showed that LPS was mitogenic only to non-confluent RVSMC; furthermore, the effect was prevented statistically by aminoguanidine (AG), a potent inhibitor of the inducible NO synthase, and oxyhemoglobin, an NO scavenger. Finally, there was a cell densitydependent LPS effect on protein tyrosine phosphatase (PTP) and ERK1/ERK2 mitogen-activated protein (MAP) kinase activities. Shortterm transient stimulation of ERK1/ERK2 MAP kinases was maximal at 12 min in non-confluent RVSMC and was prevented by preincubation with AG, whereas PTP activities were inhibited in these cells after 24-h LPS stimulation. Conversely, no significant LPS-mediated changes in kinase or phosphatase activities were observed in highdensity cells. LPS-induced NO generation by RVSMC may switch on a cell density-dependent proliferative signaling cascade, which involves the participation of PTP and the ERK1/ERK2 MAP kinases.
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Introduction
During embryonic life and in the young evolving organism, vascular smooth muscle cells (VSMC) actively divide, secrete extracellular matrix components and have a fibroblast-like appearance. In the adult, smooth muscle cells of the arterial media become highly specialized and non-secretory, acquiring a contractile phenotype and typically remaining at rest (reviewed in 1). A shift from contractile to proliferating VSMC is found during arterial wound healing and in several cardiovascular diseases (2, 3) . This modulation of VSMC function has been observed not only in vivo but also in cell cultures (1) . Among the factors influencing this process are the action of exogenous and/or endogenous nitric oxide (NO) (4-6), and cell density-dependent interactions (7, 8) . NO is a gaseous free radical produced during the conversion of L-arginine to L-citrulline by constitutively expressed and inducible isoforms of the enzyme NO synthase. The constitutive isoform is present in endothelial cells and cerebellar neurons and is dependent on Ca 2+ /calmodulin. Cytokines and the endotoxin lipopolysaccharide (LPS) from Escherichia coli promote the transcription of the inducible isoform of NO synthase in macrophages and smooth muscle cells (9) . NO can function in cell signaling associated with smooth muscle cell relaxation and proliferation (4-6,10,11). It reacts with the iron heme moiety of the soluble form of guanylyl cyclase or with critical thiols in protein kinases, protein phosphatases, and small G proteins (12, 13) . Furthermore, recent reports have described a role for NO as a mediator/ modulator of protein tyrosine phosphorylation (14) (15) (16) .
Proliferating cells normally display an increase in intracellular phosphotyrosine levels (reviewed in 17). Increased production of NO is found in actively dividing cell populations whenever NO has a positive role in cell growth (18, 19) . Enhanced total protein tyrosine phosphatase (PTP) activity has been reported in cells harvested at high densities (20) . Oxidant inactivation of PTP in neutrophils and mast cells caused activation of ERK1/ERK2, members of the mitogen-activated protein kinase (MAP kinase) family (21, 22) that are typically involved in the control of cell cycle progression (23) . Specifically, exogenously generated NO was shown to inhibit total PTP activity and also to stimulate ERK1/ERK2 activity in murine fibroblasts and rat mesangial cells (14) (15) (16) .
Therefore, we investigated whether or not rabbit VSMC (RVSMC) cultured at two cell densities (high-density or multilayered cell cultures, and low-density or non-confluent cell cultures) and stimulated with LPS would produce endogenous NO differentially. We also compared the LPS-induced cell density-dependent NO production with the RVSMC patterns of DNA synthesis, total PTP activity and ERK1/ERK2 MAP kinase activity.
Material and Methods

Material
Cell culture reagents and tissue culture Petri dishes were from Gibco/BRL (Gaithersburg, MD, USA 
Determination of nitrite concentrations in culture supernatants
The concentration of nitrite in cell-free supernatant was determined using Griess reagent (1% sulfanilamide, 0.1% naphthylethylenediamine dihydrochloride and 2% H 3 PO 4 ). Briefly, 300 µl culture supernatant was mixed with 300 µl Griess reagent and incubated in an Eppendorf tube protected from light for 15 min at room temperature. Nitrite concentration was determined with a spectrophotometer with reference to NaNO 2 as standard.
Cell culture and treatments
RVSMC from aorta were kindly donated by Dr. V. Buonassisi (INFAR, Escola Paulista de Medicina, São Paulo, SP, Brazil) (25) . Cell cultures were maintained on F-12 medium supplemented with 10% FBS. Cells in multilayers were obtained by seeding 1.4 x 10 4 cells/cm 2 in 56-cm 2 cell culture Petri dishes and incubating for 96 h, with addition of fresh medium after 48 h. Cells at low density were obtained by seeding 0.35 x 10 4 cells/cm 2 in 56-cm 2 cell culture Petri dishes and incubating for 24 h. The cultures were kept at 37ºC in an atmosphere of 5% CO 2 in air and incubated with serum-free medium for 24 h before treatments. Addition of LPS at different concentrations was carried out in F-12 medium containing 5 mM HEPES, 1 mM Ca 2+ and 0.1% FBS. Cells were then stimulated for 3, 6, 24 and 48 h, and 90-95% cell viability (Trypan blue exclusion) was observed after the different times of incubation. When appropriate, AG (400 µM) or Hb (20 µM) was added to the cell cultures 30 min prior to LPS induction, using cultures not stimulated with the endotoxin as controls. Culture supernatants or cell lysates were obtained by running the experiments in 56-cm 2 Petri dishes using a final volume of 4 ml stimulation medium.
Measurement of DNA synthesis
RVSMC cultured in 96-well plates at the desired cell densities were stimulated as appropriate. Four hours prior to termination of the assay, 0.5 µCi of [ 3 H]-thymidine was added to each well. After a total stimulation period of 24 h, trypsin was added to the cultures, which were incubated for a further 15 min at 37ºC. The cell suspensions were then collected into fiberglass filters using a cell harvester (LKB-Wallac model 1295-201). After drying, the radioactivity incorporated into the material associated with the filters was measured with a Wallac 1205 Betaplate scintillation counter.
Immunoprecipitation of the EGF receptor
HER 14 cells (NIH 3T3 murine fibroblasts permanently transfected and overexpressing the human EGF receptor) (26) , grown in Dulbecco's modified Eagle's medium supplemented with 10% FBS in 75-cm 2 flasks, were used as a source of human EGF receptor. The cells were solubilized in lysis buffer A (20 mM HEPES, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl 2 , 1 mM EGTA, 1 µg/ml aprotinin, 1 µg/ml leupeptin, and 1 mM PMSF) for 30 min on ice, and the insoluble material was removed by centrifugation. Preclearing was done by gently rotating lysates with added protein A-Sepharose for 1 h at 4ºC, followed by removal of protein A-Sepharose by centrifugation. Pre-cleared lysates were immunoprecipitated with mAb 108.1 against the human EGF receptor conjugated with protein A-Sepharose (27) .
Phosphorylation of the EGF receptor in vitro
After washing the immunoprecipitated receptors with kinase buffer (20 mM HEPES, pH 7.5, 5 mM MnCl 2 , and 2 mM MgCl 2 ), 8 µCi of [γ-32 P]-ATP was added to the immunoprecipitates and the mixture was incubated for 5 min at 25ºC. The reaction was stopped by the addition of HNTG buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% Triton X-100) followed by three washes in this buffer. The labeled immunoprecipitate was resuspended in the same buffer and kept at 4ºC for further use.
PTP activity assay
Treated or untreated RVSMC were lysed in buffer A. After 30 min on ice the lysates were centrifuged (10 min, 11,750 g, 4ºC) and the supernatants were used as the source of PTP activity. PTP activity was assayed by mixing 100 µg protein from lysates with a suspension containing immunoprecipitated [ 32 P]-labeled EGF receptors, prepared essentially as described by Monteiro et al. (27) . Reactions were carried out for 30 min at 37ºC with shaking and terminated by centrifugation (11,750 g for 1 min) of the immunoprecipitates. Samples were resolved by SDS-PAGE (7.5% gels) and, after drying, gels were exposed to autoradiographic films. The intensity of the band corresponding to the EGF receptor was determined by enhanced laser densitometry. The PTP activity index was determined according to the expression: 1 -x/R, where x corresponds to the band intensity of the labeled immunoprecipitated EGF receptor incubated with cell lysates and R corresponds to the band intensity of the receptor in the absence of lysate.
Western blot analysis of the ERK1/ERK2 MAP kinase activities
Experimental evidence for LPS-stimulated ERK1/ERK2 activities was obtained by immunoblot analysis using specific antiphospho-ERK1/ERK2 antibodies. Cells were lysed in 250 µl of lysis buffer A containing phosphatase inhibitors (2 mM sodium orthovanadate, 50 mM sodium fluoride, and 10 mM sodium pyrophosphate). Total cell lysates (50 µg/lane) were resolved on 10% SDS-polyacrylamide gels. Gels were blotted onto nitrocellulose sheets, and blots were probed using mAb against ERK1/ERK2 MAP kinase and phospho-ERK1/ERK2 MAP kinase. After incubation with an appropriate horseradish peroxidase-conjugated secondary antibody, blots were developed using the ECL system (Amersham Pharmacia Biotech).
Statistical analysis
Results are reported as means ± SD. The Student t-test was used for statistical analysis, with the levels of significance set at P<0.01 and P<0.05.
Results
The time course of NO release by nonconfluent, low-density RVSMC exposed to LPS (10 ng/ml) indicated that nitrite concentrations in culture supernatants of stimulated cells were significantly (P<0.05) higher than control levels at 24 h ( Figure 1A) . The slight reduction in baseline nitrite concentrations at 48 h compared with 6 and 24 h is most likely due to the fact that the assay chosen to monitor NO production only measures released nitrite and does not take into account the predictable partial oxidation to nitrate over time (28) . The RVSMC 24-h response was dose-dependent, maximal at 10 ng/ml ( Figure 1B) and significantly (P<0.05) inhibited by AG (400 µM), a potent inhibitor of inducible NO synthase (29) added to the cultures 30 min prior to introduction of the endotoxin ( Figure 1C) . By contrast, supernatant nitrite levels of multilayered RVSMC stimulated with either 10 ng/ml or 100 ng/ml LPS were closely similar to those of control cultures over a 24-h period ( Figure 1D ). Multilayered RVSMC stimulated with these same concentrations for 48 h also failed to produce significant NO above control levels (data not shown).
The patterns of DNA synthesis of nonconfluent and multilayered RVSMC elicited by LPS correlated positively with their density-dependent profiles of endogenous NO production. Dose-response curves showed an optimal incorporation of [ 3 H]-thymidine by low-density RVSMC at 10 ng/ml LPS and 24 h. Incorporation levels were comparable to positive control cultures stimulated with the platelet-derived growth factor bb (PDGFbb) (Figure 2A) . Conversely, no incorporation of [ 3 H]-thymidine over control levels was observed in high-density RVSMC cultured with different doses of LPS over a 48-h period ( Figure 2B ). Increasing ten-fold the percentage of FBS in the medium of stimulated and non-stimulated high-density cultures did not alter their pattern of DNA synthesis (data not shown).
The proliferative response of low-density RVSMC was inhibited by 85-90% in the presence of 400 µM AG ( Figure 2C ). The addition of 20 µM Hb, an extracellular scavenger of NO (30) , mitigated the pro-mitogenic effect of endogenous NO, evidenced by inhibition of [ 3 H]-thymidine incorporation by about 65% ( Figure 2C ).
The 24-h mitogenic response of endotoxin-stimulated low-density RVSMC was accompanied by a significant (P<0.01) 24-h inhibition of PTP activity in cell lysates with A, Non-confluent, low-density RVSMC were exposed to LPS (10 ng/ml). The inducible NO synthase inhibitor aminoguanidine (AG, 400 µM) was added 30 min prior to the incubation with the endotoxin, as indicated. B, Concentration-dependent effects of LPS on RVSMCassociated PTP activities in multilayered cultures. After 24 h, cells were lysed and lysates had their protein concentration determined. Protein contents were matched (100 µg) and PTP activity in lysates was measured as described in Material and Methods. Results are reported as means ± SD of three independent experiments. *P<0.01 compared to medium and + P<0.05 compared to cells pretreated with AG (Student t-test) . respect to control levels. A partial recovery of total PTP activity was obtained when 24-h low-density cell cultures were treated with AG ( Figure 3A) . Conversely, high-density RVSMC cultures stimulated either with 10 ng/ ml or 100 ng/ml LPS showed PTP activity levels similar to those of non-stimulated cells. Noteworthy, PTP activities were two-fold higher in non-stimulated and LPS-stimulated high-density cultures as compared to nonstimulated low-density cultures ( Figure 3B) .
Changes with time in the activity of the ERK1/ERK2 MAP kinases were observed in low-density RVSMC cultures stimulated with 10 ng/ml LPS. Maximum activation occurred at 12-min stimulation. Preincubation of the cells with 400 µM AG prevented the LPSstimulated activation of ERK1/ERK2 MAP kinases, suggesting the participation of NO in the process ( Figure 4A ). By contrast, multilayered RVSMC showed no changes in ERK1/ERK2 MAP kinase activities in response to the incubation with LPS at 5-, 12-, 30-, and 60-min stimulation ( Figure  4B ).
Discussion
Low-density RVSMC, as opposed to highdensity cells, were stimulated to release NO following 24-h incubation with 10 ng/ml LPS. This NO response was strongly inhibited by AG, a potent and selective inhibitor of inducible NO synthase (29) . It was previously documented that at 400 µM, the concentration used in our study, AG causes over 90% inhibition of inducible NO synthaseelicited cGMP production by VSMC, with no inhibition of constitutive NO synthase activity (29) . This suggests that the differential NO response of low-density RVSMC to LPS was dependent on inducible NO synthase activity. The data presented indicate a density-dependent mitogenic response of RVSMC to LPS, which is mediated by NO. Various cell types are known to undergo NO-induced arrest of cell division (4, 31, 32) . Studies on the interaction between VSMC and vascular NO (33) or NO released from NO donors (4) (5) (6) have demonstrated that this gaseous free radical has an antimitotic ef-
Normalized phospho-ERK1/2 1.0 1.0 1. fect, although a cell density-dependent stimulation of NO synthase activity was not specifically addressed. On the other hand, both in vivo and in vitro data support a positive role for NO during cell growth. The NO donor sodium nitroprusside was found to potentiate substance P and PGE 1 -induced neovascularization in rabbits, while NO synthase inhibitors abolished endothelial cell proliferation in the same animal model (18) . A human colonic adenocarcinoma cell line stably transfected with inducible NO synthase cDNA and presenting sustained release of NO consistently grew faster as a xenograft in nude mice when compared with the wild type and/or transfection controls, and promoted angiogenic activity (34) . Furthermore, a positive correlation between cell proliferation, lower state of confluence and induction of NO synthase mRNA was reported by Arnal et al. (35) for endothelial cell cultures. In agreement with these studies, our data on non-confluent LPS-stimulated RVSMC showed significant stimulation of DNA synthesis, which was dependent upon increased production of NO. Interestingly, the inhibition of LPS-stimulated thymidine incorporation by AG and Hb reported herein suggests that inducible NO synthasegenerated NO not only acted in an autocrine manner but may also have had a paracrine effect on proliferating low-density RVSMC. It has been argued that NO-mediated proliferation might involve lower concentrations of this free radical, whereas inhibition of proliferation would be associated with high concentrations of NO (34) . Indeed, IL-1-induced lower NO levels did cause a transient (24 h) peak of DNA synthesis by bovine VSMC, which decreased as NO levels increased upon continuous stimulation (6) . We showed that RVSMC at low density exhibited significant DNA synthesis after 24-h LPS (10 ng/ml) stimulation, accumulating approximately 7.6 µM nitrite in culture supernatants. However, low-density RVSMC showed an average 40% drop in DNA synthesis after 24-h incubation with 1 mM sodium nitroprusside, that generated 10 µM nitrite (average) in cell-free medium (data not shown). This suggests that pro-and antiproliferative responses for the same state of cell confluence may depend on specific concentrations of available NO.
A reduced growth rate and [ 3 H]-thymidine incorporation reported for normal and transformed animal cells due to overexpression of a cytosolic low-molecular weight PTP (36) lend support to the relationship between PTP activity and mitogenesis. Multilayered RVSMC cultures feature a typical "hills and valleys" morphology (7), presenting basal PTP activities slightly greater than those of 24-h low-density control cultures. Such difference suggests modulation of PTP by cell-to-cell contact. In fact, an enhanced expression of receptor-like PTP with increasing cell density has been described in fibroblasts of different origins (37) . PTP-mediated differences in DNA synthesis between low-density and confluent cell cultures stimulated with EGF and PDGF were recently described by Sörby and Östman (38) . These authors demonstrated inhibition of thymidine incorporation at high cell density correlating with reduced tyrosine phosphorylation of the growth factor receptors.
All PTP feature a conserved cysteine residue in their catalytic domain, and reactions with NO and other oxidants render the enzyme catalytically inactive (14, 27) . Therefore, it is reasonable to postulate that the inhibition of total PTP activity presently observed was due to enzyme inactivation by NO. Interestingly, the LPS-stimulated mitogenic response of low-density RVSMC appears to rely on inducible generation of NO and PTP activity. Increased PTP activity at high cell density may act as a restraint on NO generation by inhibiting tyrosine phosphorylation of inducible NO synthase, preventing an increase in enzyme activity (39) and hence precluding a significant mitogenic response. Cell contact, however, must affect other factors directly involved in the control of VSMC DNA synthesis and cell division (8) .
Recently, we showed that ERK1/ERK2 are involved in NO signaling in 3T3 fibroblasts stably expressing the human EGF receptor (HER14 cells). Depletion of intracellular levels of glutathione preceded NO-dependent stimulation of ERK1/ERK2 (16) . On the other hand, evidence from in vivo experimental models has shown that intracellular levels of glutathione decrease in association with LPS-stimulation of inducible NO synthase expression (40) . Therefore, LPS-induced NO generation in VSMC may also decrease intracellular glutathione and promote the activation of ERK1/ERK2.
To conclude, we have shown that LPSinduced endogenous NO generation may switch on a cell density-dependent proliferative signaling cascade in RVSMC, which involves partial inactivation of PTP and activation of ERK1/ERK2 MAP kinases. The predominance of dividing or resting cells as a function of cell density might thus depend on the ability of these cell populations to produce NO. Intracellular levels of NO will regulate PTP activity and the activity of MAP kinases associated with cell division. Our data may have some bearing on pathological states like atherosclerosis, where, despite a putative antiatherogenic role for NO (2) , smooth muscle cells of the media that recently migrated to the intima of the vessel wall may respond to inflammatory stimuli by endogenous NO-dependent proliferation, creating a center of cell growth.
